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I. INTRODUCTION
The formation of the most ubiquitous engineered structural material concrete 1,2 is a complex reaction by which the cementitious binding phase is obtained by mixing calcium silicates with water. [3] [4] [5] As in all such complex hydrated composite materials that are nucleated in situ, it has remained challenging to validate which phases form (i.e., when and where). As a result, while several material processing steps are appreciated empirically, the dynamics of the interfacial hydration reaction mechanisms are understood poorly. 4, 6 This limitation has confounded the development of new models and materials processes to manipulate the reaction kinetics and resulting properties of the phases, 1 as well as interpretation of laboratory-scale experiments that ostensibly monitor the formation of calcium-silicate-hydrates (often denoted C-S-H). In this particular class of hierarchical structural materials, the onset of hydration and C-S-H formation is thought key to overall reaction kinetics and subsequent mechanical durability of the hardened material. Furthermore, under realistic hydration conditions in presence of CO 2 , reaction kinetics are further complicated by the formation of thermodynamically favorable carbonate by-products. Despite the crucial need to quantify mechanisms of early-stage hydrate formation at the microscale and its relation to carbonate formation, current understanding is based chiefly on observations in cement pastes at the macroscale. The underlying assumption is that the predominant chemical and hydration mechanisms are shared across these length scales.
At the macroscale, hydration of the calcium silicates to form C-S-H in the bulk is well known to overwhelmingly dominate the occurrence of surface carbonation. Indeed, the predominance of hydration by-products in early-stage reactions provides the mechanical integrity of the so-called cement paste. Current efforts to quantify the early-stage reaction by-products at the microscale (rather than macroscale) are based mainly on impressively detailed yet indirect observations, such as soluble ion concentration, heat release rate, morphology of reaction by-products or soft x-ray analysis of silicate suspensions. [7] [8] [9] [10] [11] These approaches enabled comparative analysis of model systems, for example of nucleated phase morphology, but obfuscate clear identification of scale-dependent and competing chemical reactions and by-products. In this work, we present direct observations of interfacial hydration and carbonation of calcium trisilicate at microreaction volumes, which are essential to infer length scale-dependent hydration kinetics at the microscale in relation to macroscale observations. A typical example of a scale dependent phenomenon during bulk hydration is surface carbonation in calcium trisilicate pastes due to Fickian diffusion of atmospheric CO 2 through the paste (detailed descriptions of relevant carbonation reactions described in SI and elsewhere 12 ). At the macroscale, classification of different carbonate phases (e.g., vaterite, calcite, amorphous carbonates) and intermediate by-products (e.g., portlandite) and mechanisms of carbonate formation has also been proposed for paste-level reaction volumes, often complemented by several characterization methods. [13] [14] [15] [16] [17] At smaller volumes including the microscale, however, the applicability of these bulk mechanisms may not hold, due in part to the high surface-to-volume ratio at the microscale that can exacerbate evaporation effects. The balance between carbonation and hydration is determined by the surface area-to-volume ratio, which can vary from that of microscale inorganic particles to macroscale composite structures of meter-scale thickness. This multiscale variation also includes a broad range of conditions that influence carbonation during and well after this earlystage curing, 12, 18, 19 with both immediate and longterm consequences to structural stability and aging of concrete 20 (Details in SI). To our knowledge, no direct observations of the formation of hydration and carbonation by-products for microscale reaction volumes have yet been proposed for ambient CO 2 concentrations present in air (,0.038 vol%). This work shows such incidental multiscale competition can occur at early reaction stages and depends on both the reaction volume and concentration of dissolved Ca 21 ions. While the chief byproduct of such solid and liquid reactions is hydrates under macroscopic and ideal environmental conditions and field materials processes, the findings described below indicate that nano to mesoscale formation models under realistic environmental conditions and laboratory experiments should consider the effects of presence of natural carbonation as an equally relevant microscale interfacial process during initial stages of cement hydration. 2, 6 More generally, this environmentally reactive, multiscale-composite material 6 demonstrates the challenge and opportunity of materials process engineering afforded by direct, in situ, and spatially resolved quantification of microscale reaction products' chemical composition. 5 
II. EXPERIMENTAL DETAILS: PICOLITER CONFINED HYDRATION DROPLETS
We used a novel experimental design to access both the morphology and chemical identity of reaction products at the microscale. (See SI for details.) We adapted an experimental design reported previously to study the nucleation of crystalline materials such as NaCl and macromolecules such as solvated proteins. 21 Through this approach, spatially and temporally controlled nucleation can be initiated by creating confined supersaturated solutions. This is achieved by creating an array of picoliter volumes of aqueous solution on a glass cover slip, covering the picoliter droplets with an organic liquid to encourage slow diffusion of water. The resulting array of supersaturated confined volumes allows the observation of nucleation and growth processes via an optical microscope. Time-lapse image acquisition (and related image analysis) and in situ Raman spectroscopy were conducted within microscale regions within individual droplets, as described below. The former was used to quantify the growth kinetics of reaction by-products, while the latter was used to characterize the chemical and mineral identity of the hydration and carbonation by-products.
III. RESULTS AND DISCUSSION

A. Morphological characterization of microscale reactions
To identify the chemical attributes of microscale reaction products formed when water is mixed with this model calcium silicate phase under ambient conditions, the monoclinic tricalcium silicate Ca 3 SiO5 (C 3 S), we conducted optical and microRaman spectroscopy (lRS) (see Methods in the SI) under two different conditions: high initial ratios of water-to-solid (w/s ; 100) and lower ratios typical of infrastructural cement pastes [w/s ; 0.5 (Ref. 22) ]; see SI and Figs. S.1-S.4 for Methods. While calcium silicates used in cement clinkers can contain elemental impurities including Al and Fe, we chose C 3 S (the predominant component) to minimize the range of chemically distinct reaction products. The findings from both microRaman and time-lapse optical studies were then compared to bulk macroscale cementitious systems in which the reaction interface between cement and water is not directly accessible. Hardened cement pastes with w/s ; 0.5 were hydrated for durations ranging between several hours to 1 wk.
Morphological changes and growth regimes upon exposure of tricalcium silicate to water were monitored via time-lapse optical microscopy [ Fig. 1 , see also Fig. S.3(a) ], using an experimental technique developed by Grossier et al. 21 to visualize crystal nucleation, as described in Experimental Details and in SI. Note that this optical analysis provides a basis of visual and quantitative comparison with others' morphological characterization but does not chemically identify the observed products. Here, we tracked evolution of product reaction in picoliter-scale droplets of supersaturated, degassed aqueous solutions containing tricalcium silicate microparticles (details in SI). Reaction droplets were surrounded by paraffin oil to slow but not completely eliminate evaporation or gas exchange 22, 23 ; complete water evaporation occurred after 15 h. Image analysis of reaction product growth rates quantified interface motion away from the immersed particles [ Fig. S.3(b) ; details in SI]. Figure 1(a) illustrates the growth of the hydration product interface, indicating projections extending radially such that growth fronts (red arrows) can be approximated by arcs. The measured growth rate of this interface, for C 3 S particles within NaOH-containing droplets at pH 12, was ;0.5 lm/h. In every droplet exhibiting byproduct growth, once the reacting particles were covered with this distinct phase, we then observed a transition in the growth front at later times. The stable, radial progression then became "finger-like," dendritic projections of distinct optical contrast [ Fig. 1(b) and Particles exhibiting growth in Fig. 1 were covered within 6 h by the radially expanding reaction product; after this time, irregular projections initiated. This observation is consistent with a previous atomic force microscopy-based analysis of growth from lime-wetted tricalcium silicate pellet surfaces, in which Garrault et al. reported an initially flat precipitate (up to at least 4 h) that then transitioned to a less dense, porous topography; see Fig. S.5 and discussion. 8 Although those authors did not report the transition time, in the present experiments we found the initiation of the unstable growth front to vary among droplets, due ostensibly to particle geometry, interparticle spacing, and/or crystallographic orientation of the exposed facets. This morphological transition has been interpreted previously as a transition from interface-controlled to diffusion-driven kinetics. 8, 18 To further characterize the growth kinetics and possible controlling growth regimes, we measured the radial evolution of the expanding byproduct fronts as a function of time (as described in SI and Fig. S.6 ). Diffusionlimited, circularly spreading growth fronts are typically well described by power laws R } t a (a # 0.5), whereas interface-controlled reaction kinetics are linear with time t.
24,25 Our measured growth evolution was initially linear [ Fig. 1(b) , inset], highlighting the interface-controlled kinetics of the early stage reaction. 25 The differing transitions from linear regimes among regions also emphasize the competition between the growth mechanisms at the reaction front with the variable diffusion rate of reagents at the source (tricalcium silicate) particle (Fig. S.7) . The subsequent irregular projections resulted from partial dissolution of the tricalcium silicate and water evaporation [ Fig. 1(a) , Figs. S.7 and S.8].
FIG. 1. Evolution of the product growth front inside an aqueous microdroplet. (a) Evolution of the reaction growth front of a reaction byproduct during hydration of tricalcium silicate, by optical microscopy (scale bar: 5 lm). Calcium trisilicate particles, indicated by the red arrow, contribute to the growth of the product. Initially (in this case, from 1-5:20 h), the growth front can be approximated as a smooth arc. Eventually (in this case, after 5 h), the growth front breaks up to develop rough "finger-like" projections. (b) The increment in the radius of the byproduct is measured directly from the optical images, as described in the SI. The growth evolution follows a series of linear regimes (black lines: linear fits). The overall growth profile does not follow a power law, R } t a with a # 0.5 (shown as a red curve in the inset), which is typical of a diffusion-limited growth regime. 22, 23 B. Chemical characterization of microscale reactions indicates predominant carbonation Detailed interpretations of these growth mechanisms should not rely on an a priori assumption that C-S-H is the major reaction byproduct. We thus tested the validity of the assumption that C-S-H is the predominant reaction product within these microscale reaction volumes (which would support mechanisms proposed by Juenger et al. 10 ; see SI) by explicitly identifying the chemical composition via lRS. RS is a critical approach for the characterization of chemical and mineral species in complex multiscale composites such as cementitious materials. In the context of industrial composites, RS is usually used at advanced stages of hydration for bulk cement pastes, [26] [27] [28] rather than the early stages of interest herein. (See SI for details and methods of RS experiments.) To our knowledge, this study is the first to leverage lRS to characterize the early stages of hydration and carbonation of calcium trisilicate for microscale reaction volumes. The key benefit of microRaman is comparable length scales of the probed volume and that of either the droplet (for microscale reaction volumes) or the near-surface region of a hydrating paste (for macroscale reaction volumes). Figure 2 shows Raman spectra for tricalcium silicate particles hydrated for 2.5 h under the same conditions used to quantify morphological growth rates. The microscale interaction volume afforded spectral acquisition at several distinct locations. Based on the presence of very prominent peaks at 281 and 1085 cm À1 (corresponding to calcite) and the absence of any spectral signature corresponding to C-S-H, we identified the main product to be crystalline calcium carbonate (CaCO 3 ), rather than C-S-H (Fig. 2) . It is expected that the Raman spectral sensitivity to calcium carbonates is approximately 30 times greater than that of C-S-H [defined by a broad spectral shoulder originating from Q1 silicates at 600-700 cm À1 (Ref. [26] [27] [28] ], so the co-existence of both carbonate and hydrate phases cannot be excluded entirely from this observation alone. Alternatively, C-S-H formation can be assessed through reduction in peak intensity corresponding to the silicates on the anhydrous calcium trisilicate (;841 and 993 cm À1 ), and the formation of other intermediary byproducts (such as calcium hydroxide or portlandite). However, in the present experiments, no intensity reduction of the C 3 S peak was observed, and a strong carbonate peak was present; this also supports the interpretation of these spectra as carbonate-dominated. We note that the observed calcium carbonate was found consistently and homogeneously throughout any point of the extending front that was observable via optical microscopy, and no by-products were detectable via microRaman signatures between the leading edges of the optically visible carbonate reaction fronts. Furthermore, within the time scale of early hydration prior to the acceleration period (2.5 h), significant formation of dense C-S-H by-products is not expected 5 and has not been observed previously. 29 Thus, despite the similar morphologies and growth rates of this product to previous reports of putative C-S-H, 10, 23 we find that the early stage microscale product obtained in dilute, degassed aqueous suspensions under ambient conditions is not a hydration product but rather a carbonation product. We highlight that the observed calcium carbonate was formed within the hydrated volume, not ex situ upon exposure to higher ambient CO 2 concentrations, and the acquisition conditions of the Raman spectra were optimized to maintain the w/s ratio and minimally affect hydration (detailed in SI).
The rapid emergence of a stable crystalline form of calcium carbonate for microscale chemical reaction volumes (as probed with lRS in the pL droplet experiments as opposed to macroscale pastes) is in contrast with the formation of various surface carbonate phases in macroscopic pastes, from amorphous to vaterite and calcite. [15] [16] [17] This points to a rapid carbonate formation at the microscale, induced by a rapidly changing solvent composition within the microscale chemical reaction volume and enhanced by water evaporation, that is not common or expected within the calcium silicate hydration that proceeds in typical macroscopic bulk pastes. . Raman spectra of the reaction byproduct of C 3 S in NaOH pH 12 after 2.5 h of hydration were acquired at locations marked by a white cross in the inset optical image (scale bar: 5 lm). Spectral bands of the reaction by-products at 281 and 1085 cm À1 were consistent of those of calcium carbonate, which is formed by CO 2 diffusing through the paraffin oil. Inset: Optical micrograph showing the radially symmetric by-products (white arrows), extending from irregularly shaped C 3 S microparticles (yellow arrows). These products share the same growth morphology as to those in Fig. 1(a) .
C. Time and length scale-dependent susceptibility to carbonation
While not the chief product of calcium silicate hydration in typical bulk synthesis of cement pastes or concrete used for structural applications, the formation of surface carbonate by-products is usually artificially induced under CO 2 rich hydration conditions, rather than normal ambient conditions. Therefore, one may question the relevance of hydration and carbonation in microreaction volumes in relation to standard bulk processing conditions. We note that these experiments in pL-scale confined environments differ from typical bulk processing of cement pastes in two key characteristics: (i) water/ solid ratio, w/s; and (ii) surface area-to-volume ratio, s/v (i.e., microscopic scale reaction volumes). Given that carbonation occurs through dissolved CO 2 in the aqueous media over several hours of observation, one would expect the high w/s ratio in the droplets to be the principal cause of carbonation, and that larger scale experiments at similarly high w/s ratios should also promote carbonation. However, this was not the case: Fig. 3 (a) shows no evidence of calcium carbonate from the Raman spectra of a cement suspension with 10 8 -fold greater mass of tricalcium silicate particles, as compared to pL-volume droplet experiments. Clearly, high w/s ratio is not the main driver toward extensive microscale carbonation.
It is known that carbonation is enhanced if the w/s ratio was reduced to approach levels typical of cement paste synthesis in excess of CO 2 . Figure 3(b) shows that a cement paste of w/s ratio reduced to 0.5, mixed and then cured for 6 h in air with uncontrolled evaporation of aqueous media leads to formation of calcium carbonates. We infer that the change in surface area/volume ratio leads to a substantially different and dominating surface reaction dynamics, which cannot necessarily be assumed to remain the same as in bulk. Furthermore, the extreme sensitivity to carbonation for microscale reaction volumes, and the low levels of CO 2 needed (,0.038 vol%) to promote this, underscores the essential requirement of assessing in situ and in real time the dynamical evolution of the reaction product composition under realistic environmental conditions that include such species. Whenever such conditions cannot be satisfied (e.g., ex situ or in vacuo), only a static snapshot of the reaction conditions and by-products can be expected; such conditions can also modify the by-products via exposure to air and/or dehydration.
To further demonstrate the crucial role of water evaporation in the preferential formation of calcium carbonate, we artificially enhanced the formation of calcium carbonates by accelerating evaporation at ambient, constant (CO 2 ) via heating induced by the Raman excitation laser-probe at full power [ Fig. 3(c) , with details in SI]. We note that while a nonadiabatic environment within the micro reaction volume limits the quantification of heat transferred by the laser, optimization of the laser power levels between 1 and 50 mW/m 2 was sufficient to guarantee from none to rapid evaporation. Further, based on the kinetic analysis of growth mechanisms above, we posit that the mobile species within the aqueous media are the Ca 21 ions supplied from the C 3 S particle. During interface-controlled growth, evaporation increases the local concentration of Ca 21 ions, due to both continued ion leaching from the tricalcium silicate particle and reduced water volume. Once a critical concentration of Ca 21 ions is reached at the microscale, cations are available for two competing reactions: hydration and/or carbonation. Our findings show that the thermodynamically preferred reaction is carbonation. Even assuming that hydration by-products could form under these conditions but that their spectral signature was to be below detection limits (due to the low Raman spectral sensitivity of C-S-H compared to carbonates), the very rapid reaction times (below 5 s) would not be favorable toward the much longer the formation time of C-S-H. 5, 29 From these results, we conclude that susceptibility of cementitious systems to carbonation is modulated strongly by the evaporation rate of aqueous media-and therefore by . (c) The significantly higher intensity of the carbonate peak in the Raman spectra of the same hydrated C 3 S in (b), but after laserinduced enhanced water evaporation, shows that enhanced evaporation strongly favor carbonate formation, even at larger reaction volumes.
the locally high concentration of Ca 21 ions that can depend on reaction volume or calcium silicate volumebut not by the initial ratio of water to calcium silicates.
D. Mechanisms of carbonation, hydration acceleration, and suppression
Microscale understanding of the evolution of Ca 21 supersaturation induced by evaporation is essential in optimizing carbonate formation, whether enhancement or suppression is the goal. Such insight applies to both applications and mechanistic studies of interfacial growth of hydration products in cementitious materials. Furthermore, while it is typically desirable to promote hydration over carbonation in macroscale structures, in specific applications the capacity to control and therefore tune early stage carbonation at the microscale may facilitate certain hydrate/carbonate mixtures. 14 Thus, we investigated potential chemical approaches to control and reduce surface carbonation during early stage hydration induced by enhanced evaporation, benefiting from ability to probe microscale volumes with lRS. We note that such approaches to modulate carbonation can also be explored empirically, for example in enabling chemical reactions that prevent Ca 21 and CO 2À ions from reacting. 30 However, lRS can elucidate the reasons why such processing conditions work.
For evaporation-influenced carbonation, aqueous media is the source of both Ca 21 and CO 2À ions. Use of an acidic aqueous medium could suppress carbonation by effectively increasing the solubility limit of calcium carbonate 30 without solvating the Ca 21 ions required of hydration products, such as C-S-H and Ca(OH) 2 . We explored this possibility by comparing early-stage cement pastes hydrated with neutral deionized water and acidic HCl (pH 2) solution. Note that this strategy is most effective within the first ;10 h of hydration when the paste is moist (i.e., damp but not immersed). Figure 4 (a) compares Raman spectra of cement pastes of w/s 5 0.5 using water or this acidic media and hydrated in a high relative humidity environment to minimize evaporation of aqueous media. Hydration spectra at 3 h showed early signs of carbonate formation for pastes initiated with water.
We note that the carbonate signature at ;1085 cm À1 (Ref. 26 ) is broad compared to standard crystalline calcite, suggesting the structure is not fully crystalline or includes other carbonate polytypes such as vaterite [ Fig. S.9 , Refs. [15] [16] [17] . The principal hydration product, low density C-S-H, 29 at very early stages of hydration may have a similar morphology as carbonation, underscoring the importance of chemical characterization of early stage reaction products. In contrast, pastes hydrated with acidic media exhibited a spectral band at ;1085 cm À1 of lower intensity after 3 h, indicating the presence of little or no carbonates; but spectra at later times up to 10 h in these samples showed comparatively sharper carbonation signatures. At these later time points, it is likely that acidity of the aqueous medium was not maintained sufficiently controllable to prevent the precipitation of calcium carbonate: continuous dissolution of tri-calcium silicate in the aqueous media increases the concentration of Ca 21 ions, eventually rendering acidity ineffective against carbonation. Thus, for aqueous media at initial pH 2, we find this critical time to be between 3 and 6 h.
Carbonation during early-stage hydration can also be suppressed, perhaps counter intuitively, via mechanical mixing that minimizes the exposure of given surface to air and thus to evaporation. These conditions have long been met empirically in macroscale processing, which typically includes copious addition of water at early stages and mechanical mixing of reacting suspensions. Figure 4 (c) provides microscale analysis that elucidates one reason that this practice is beneficial: longer mixing times (30 min) reduced carbonate formation and promoted phase heterogeneity throughout the paste volume (probed through at least 20 lRS spectral scans), whereas brief mixing (5 min) in air promoted phase heterogeneity at only the paste surface. This observation supports the concept that mechanical mixing can overcome poor hydration conditions that would otherwise fail to homogenize the Ca 21 concentration throughout the macroscale volume itself and avoids imbalances due to longer exposures of a particular portion of the macroscale volume to air evaporation. Figure 4 (d) summarizes this dependence of carbonation on CO 2 gradients such as those extending from an air-exposed surface of the reacting aqueous suspension.
E. Relating reaction mechanisms across time and length scales
These results for microscale reaction volumes, contrasted with macroscale volumes, shape the understanding of "surface" and "bulk" regions within macroscale, hydrating calcium silicate pastes. For a microscale particle, hydration conditions can deviate substantially from the expected "bulk" behavior, similarly to the surface of a macroscale sample. Hence, the microscale reaction volume can be considered a realistic representation of the paste surface, and more generally of microscale regions exposed to even ambient CO 2 concentrations. For example, the microscale reactions may favor carbonation at the bulk level at early-stage hydration of concrete with high degrees of air entrainment (i.e., many internal micropores, where the internal pore wall is exposed to the entrapped air during early-stage hydration). 31, 32 In this way, it is not unexpected that the predominant reaction products differ as a function of length scale, as well as with time scale. For example, we did not observe significant spectral signature of hydration products such as Ca(OH) 2 and C-S-H in the Raman spectra of these paste surfaces 10 h after initial mixing, for addition of either neutral or acidified (HCl, pH 2) water. (See SI and Fig. S.9 for discussion of longer time scales.) Referencing previous studies on pastes with similar hydration conditions (particle size ; 50 lm and w/s ; 0.5), this hydration time point lies toward the end and ratemaximum of the hydration kinetics acceleration period. 5, 33 Given that the acceleration period is associated with the nucleation and growth of the C-S-H phase, the observed lack of C-S-H signature can be attributed directly to a retardation of C-S-H formation and to surface carbonation suppressing the formation of hydration products.
At the macroscale, preferential surface carbonation is appreciated in practice. Here, direct chemical analysis of microscale regions within such macroscale samples also facilitates comparison through the thickness of macroscale cementitious pastes (details in SI), to elucidate the role of initial mix chemistry in speed and extent of carbonation at the surface versus the interior. Figure 4 (b) compares the Raman spectra for the surface and bulk, in pastes hydrated for 10 h upon mixing with pure H 2 O or HCl, pH 2. In spectra from bulk paste mixed with H 2 O, we observed a sharp peak at 350 cm À1 attributable to Ca(OH) 2 , as well as two broad crests at 600-750 cm À1 attributable to presence of both Ca(OH) 2 and C-S-H. In contrast, spectra from the bulk paste mixed with HCl exhibited a single broad crest centered approximately at 680 cm
À1
. While this feature can be attributed to contributions from both C-S-H and Ca(OH) 2 , given the absence of a Ca(OH) 2 peak at 350 cm À1 , we assign this broad feature to the C-S-H phase. Additionally, we note that the acidic medium can deter the precipitation of Ca(OH) 2 . These results are consistent with the concept that the C-S-H phase nucleates and grows in the acceleration period. 34, 35 In sharp contrast to the bulk spectra, hydration products were not prominent spectral features of the paste surface [Figs. 4(a) and 4(b) ] and therefore were substantially delayed compared to the bulk. This illustrates that surface carbonate formation in early stages of hydration for macroscale reaction volumes delays the formation of hydration products, such as Ca (OH) 2 and C-S-H, and supports an evaporation-based model of carbonate formation [ Fig. 4(d) ] in pastes hydrated for less than one day. In short, the rapid evaporation leads to predominant and fast carbonation reactions that compete with and limit the hydration reaction over long time scales, in particular for microscale reaction volumes comprising Ca 3 SiO 5 and H 2 O. This predominant carbonation in microscale reaction volumes is attributed to the fact that even subambient levels of CO 2 act as an important reactant in concert with dissolved Ca 21 ions in such volumes. That predominance of carbonation within small reaction volumes is of note, particularly in design of experiments that aim to probe the hydration processes relevant to the dominant reaction product in macroscale volumes.
IV. CONCLUSIONS
In summary, direct chemical analysis of microscale reaction products formed when mixing tricalcium silicate with water purposefully carried out under ambient or low-CO 2 conditions demonstrates the potential for an interfacial competition between carbonation and hydration for microscale reaction volumes (with high surface to volume ratio); the predominant product depends strongly on length and time scales. lRS confirms that calcium carbonates can nucleate heterogeneously on microscale Ca 3 SiO 5 particle surfaces, over shorter time scales and to a greater extent than competing hydration reactions, for low water/tricalcium silicate ratios promoted by evaporation. We attribute decreased hydration to the depletion of calcium ions due to carbonate formation at such low water/tricalcium silicate ratios during the initial, interface-controlled growth of calcium carbonates. This carbonation can be an inadvertent byproduct in microscale, fundamental studies of hydration reactions or particle-particle interactions, even in degassed aqueous environments. Thus, micro-to mesoscale studies or interfacial materials process that aim to quantify earlystage hydration products and growth interfaces should not assume the chemical composition of microscale growth interfaces a priori based on ex situ morphological analysis in vacuum or in low-oxygen environments. Rather, such studies must be designed to account for realistic hydration environments that include surface sensitive reactivity phenomena (such as carbonation) that are not predominant in bulk, macroscale pastes.
The chemical insight of competing carbonation versus hydration processes at the microscale also indicates new interfacial processes to retard carbonation in microscale reactions, for example via acidification of the hydrating fluid, even under poor hydration conditions that may promote evaporation at exposed surfaces. Similarly, this approach enables systematic consideration of varying calcium silicate-based structures, compositions and impurity levels (beyond the model tricalcium silicate analyzed herein) that may promote the rate and extent of hydration. Further, this microscale analysis suggests engineering of the internal porosity to promote carbonation at the pore wall surfaces. Such iterative approaches to maximize the extent of hydration in macroscale applications of these cementitious materials can be guided by this understanding of competitive microscale reactions, which will inform and speed optimization of currently empirical processing methods and of predictive models.
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S.1 Picoliter confined hydration droplet
Figure S.1 shows the experimental setup used to create supersaturated confined volumes for the growth of hydration and carbonation of tricalcium silicate products. A key component of these experiments is the creation of picoliter droplets of aqueous fluids achieved using a microinjector (Femtojet, Eppendorf-Nethler-Hinz, GmbH Hamburg, Germany). These microinjectors are connected to microcapillaries (Femtotip, Eppendorf-Nethler-Hinz, GmbH Hamburg, Germany) that deliver picoliter droplets of fluid upon controlled application of pressure. Arrays of independent confined reaction environments are achieved using a joystick-controlled micromanipulator that enables lateral sample translation of the microcapillary. The reaction between cement clinker (specifically, tricalcium silicate) particles and aqueous fluids, both deposited on the glass slide, is observed through an inverted optical microscope (Olympus America Inc, Chelmsford MA, using a 20X objective). Optical micrographs are collected fusing a 5.5 megapixel CMOS camera (Andor Technology PLC, Belfast, Ireland), connected to a workstation for local image storage and systematic analysis. Droplet synthesis Confined reaction volumes with few, controllable, nucleation events were created at room temperature with the following protocol. A suspension of monoclinic tricalcium silicate, Ca 3 SiO 5 (termed C 3 S in cement chemistry notation, with 45 µm fineness; W. R. Grace & Company), was obtained by dissolving 10 g in 50 mL of isopropanol in a plastic centrifuge tube. Immediately before an experiment, the content in the tube were perturbed by manual shaking and allowed to settle until a section of translucent supernatant develops. The tube was agitated lightly enough that the supernatant became opaque, but not vigorously enough to disturb the C 3 S residue at the bottom of the tube. As the particles resettled, transparent, translucent and opaque sections develop in the supernatant. Approximately ⇠ 50 µl sample was drawn from the translucent section (red in Figure S. 2) of the supernatant to deposit on the glass coverslip. When the isopropanol evaporates, an irregularly shaped deposit of microscopic tricalcium silicate particles remained on the glass slide. Empirically, we found that samples of suspension (that will be deposited on the glass slide) drawn either from the fully transparent or opaque sections of the supernatant resulted in a distribution of clinker particles that is too sparse or too dense, respectively. In the latter case, clinker particles can agglomerate to form clusters ( Figure S.2) , defeating the purpose of these experiments to access the reaction interface between cement clinker particles and aqueous media. A 100 µL volume of inert paraffin oil was drawn into a pipette to cover this deposit of tricalcium silicate particles on the glass slide. We gently brought the microcapillary in contact with the surface of the glass slide beneath the droplet of oil. We then created sequences of picoliter droplets of aqueous media (degassed in vacuum of 29" Hg for ⇠3 hours) with diameter ⇠ 50µm (see Figure  S.3a) . We explored three alternatives for hydrating aqueous media: water, NaOH solution (pH 12), and saturated solution of Ca(OH) 2 . (1) at the periphery of the droplet of aqueous media (2) . tricalcium silicate particles are also seen on the oil-water interface (3) and outside the droplet (4) in contact with oil. These particles do not undergo any reaction.
S.2 Reaction interface growth rates within droplets
The magnification provided by the optical microscope (objective: 20X) combined with the resolution of the CMOS camera, resulted in a spatial resolution of 0.3 µm/pixel. Reaction growth rates of the reaction interfaces within the droplet were measured using Cell Profiler TM 1 ( Figure S.4a) . We used the tracking module to compute the velocity (growth rate) of the reaction interface. The efficient use of tracking module required the tracked object (the reaction interface in this case) to be starkly distinct from the background. We achieved this contrast by subtracting the image at timestep n 1 from the image at timestep n, where a unit time step corresponds to 20 min. We found 20 min to be the smallest unit time step that produced detectable edges of the interface after the subtraction process. Time, t = 0, was chosen to denote the point in time when the reaction product became detectable at the scale of our observation (⇠ µm). The results of this process are shown in Figure S. 4b. This process produced a sequence of images in which we can clearly contrast a white moving edge of the interface from the dark background. This sequence of images served as an input to the tracking module which then extracted the coordinates of the centroid of the moving edge as a function of time. Thus, time dependent growth rate was calculated as distance travelled between subsequent time steps (from coordinates of the centroid of the edge of the interface at times n and n 1) divided by unit time step (20 min). It is likely that the growing product adopted the symmetry of the space into which it is growing. We calculated growth rates of the interface that extended from reacting tricalcium silicate particles within these oil-confined picoliter aqueous droplets. The growth rates (Fig. S5) were calculated for tricalcium silicate particles reacting with droplets containing NaOH and at pH 12, and ranged from 0.05 to 1.5 µm/h with a mean +/-standard deviation of 0.77 +/-0.25 µm/h. which are of the same order of magnitude as 0.1 um/hr calculated by 2 for wetting of a tricalcium silicate pellet imaged via atomic force microscopy 2 . Our measured growth rate of the initial, radially extending interfaces compares well with that calculated by Ref.
2 up until the morphology of the hydration product changed. To illustrate hydration product with "flat" morphology (and hence presumably constant growth rate), Ref.
2 included an AFM image taken at t = 4 h. Thus, we infer that the hydration product they observe exhibited a constant growth rate and flat interface for at least 4 h.
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Figure S.5
Growth rates of hydration product computed by tracking growth fronts of 30 interfaces using image analysis algorithms described in the main text. Calcium trisilicate particles are reacting with aqueous droplets containing NaOH and at pH 12.
Our quantitative results on the growth rate of interface up until this growth front transition are consistent with lack of diffusion control in the initial stages of growth. Figure S .5 shows the results of our image analysis. We report growth rates of the interface up only within the interfacelimited growth regime (and the growth front remains arc-like). We find average growth rates of ⇠0.5 µm/h.
Effect of spatial distribution of calcium silicate particles on growth rates The differing spatial distribution of calcium silicate particles in each droplet did not have detectable effects on the growth rate of the product interface, within the instrumental resolution. It is important to note that the instrumental resolution is similar to the scale of the growth, and therefore the error could be of the same order of magnitude of the measured growth rates. In our limiting case, we can assert that the clinker particle distribution within/around the droplet influences the growth rate of the product interface within an order of magnitude. We note that our growth rates are the same order of magnitude as that reported in Ref.
2 for a flat growth front. We also note that the growth rates are relatively constant over the measured time periods. If the reaction were controlled by diffusion, the average growth rate at t = 2 h would be 4 times lesser than that at t = 1 h, that at t = 3 h would be 9 times lesser, and so on. Since we do not observe such a drastic decay of growth rates, we further confirm that the growth kinetics is interfacially-driven.
The authors of that study do not confirm the chemical identity of the hydration product. However, they report that this hydration product grows by the aggregation of nanoparticles 2 (resolved using AFM to have dimensions of around 1000 nm 3 ).
S.3 Interfacial reaction growth kinetics
This surface nature of carbonation reactions (as opposed to the bulk nature of hydration reactions) is determined by the Fickian diffusion of CO 2 through from the paste surface into the bulk 3 . Therefore the diffusion-limited rate of carbonation is mainly responsible for the confinement of a carbonated surface layer, while minimal carbonation is expected and observed within the bulk. The rate of carbonation in macroscopic pastes can also be accelerated or artificially induced by increasing the CO 2 concentration, as well as by changing the Ca 2+ supersaturation through different humidity conditions 4, 5 . For quasi-two-dimensional (2D) systems, growth kinetics (and spreading) of mobile species from a reservoir over a flat surface are usually driven by diffusion, through wetting. Under the assumption that the spreading front from the nucleation site is circular or arc-like (with radius R), the atomic and molecular mobility on top of the surface is granted by the availability of such atoms/molecules from the reservoir. As the front grows, coverage is proportional to the area of the circular sector. Conceptually, as the front grows, the reservoir must be able to supply material to the front and the diffusion velocity from the reservoir to the front is the limiting factor. In pure 2D-diffusive systems, the front progression time t is proportional to R 2 . For threedimensional (3D) spherical growth, the front progression time t is proportional to the volume of the spherical sector, and therefore to R 3 . For systems with more complex geometries (e.g., annular disks), the time dependence is t / R ( 2). For diffusion-limited systems, this dependence equates to R / t ↵ (↵  0.5) 6, 7 . For interface-limited systems, diffusion is such that the supply of mobile atoms to the growing front is constant, and therefore the concentration of mobile species at the reservoir and at the front is constant. The limiting factor is the series of processes, chemical reactions, and surface interactions that take place at the interface at the front 6, 7 . The growth rate of the interface is therefore solely proportional to the extent of the interface itself, and therefore the growth time is proportional to the perimeter of the growth front (and so to its radius, R). The relation R(t) is therefore linear. Growth kinetics within a single droplet is measured from the optical images (scale bar: 10 µm), by integrated line profiles over the growing reaction product (as described in main text). The front edge of the reaction byproduct is highlighted in blue over the minimum of the profile. The tricalcium silicate particle is identified in the local minima highlighted by the red line.
Figure S.7
Typical evolution kinetics of the growth profile measured from the C 3 S particle. Growth and consolidation regimes are distinctively visible. Growth regimes follow power laws (black line) indicating an interface-driven growth mechanism, and within itself it can undergo different linear growth regimes (red and blue lines). During the consolidation regime, growth ends or it is significantly slower, indicating a diffusionlimited regime (green line). The images corresponding to the initial, intermediate and final growth stages are shown (scale bar: 10 µm).
Quantification of the growth kinetics in picoliter droplets Growth kinetics were analyzed by tracking the distance between the front of the growth product (carbonate, as confirmed by Raman spectroscopy) formation from the microparticle, through integrated line profiles (Figure S.6) via image processing software and analysis (ImageJ 8, 9 ). The image was oriented such that the growth direction of the reaction byproduct was horizontal. Therefore, the radius R of the arc-like front was measured by counting the number of pixels between the growing front and the C 3 S particle, following a conversion through the image resolution. For each reactive particles analyzed, growth kinetics was extracted through a power-law fit (R = A ⇤ t B ), or by piecewise linear fits across different time ranges. Typical growth kinetics curves acquired from the C 3 S particles in picolitervolume droplets are depicted in Fig. 1b of the main text and Fig. S.7) . The growth trend can be divided in two main regions: growth and consolidation. Growth regimes follow power laws with an exponent that is ↵ >0.5 for every particle analyzed. This indicates that the growth kinetics is dominated by interface-driven growth mechanisms, as previously noted. (However, previous work has without proof attributed this growth reaction chemistry to hydration 2 , rather than carbonation as shown in this work.) The mobile species are Ca 2+ ions dissolved from the C 3 S particle. This particle acts as a reservoir of Ca 2+ ions, and the cation diffusion to the front is responsible for both nucleation at and subsequent growth of the carbonate away from the C 3 S particle surface. While a reaction completely driven by interfacial processes would follow a linear trend, a very slow change in diffusivity of Ca 2+ ions during the growth regime is responsible for an evolution that follows a power law with an exponent ↵ between 0.7 and 0.9, rather than a linear trend. Furthermore, subregions of linear growth (red and blue linear fits in Figure S .7) can be observed, and the change in growth rate is directly attributed to the change in diffusivity. The small change in diffusivity of Ca 2+ may be due to partial dissolution of the initial C 3 S particle. A transition from interface-limited to diffusion-limited growth is observed when the growth ends or is severely retarded (green line in Figure S.7) . The combination of C 3 S depletion and water evaporation may ultimately reduce the available diffusive Ca 2+ ions. Under this regime, the growth -if persistent -continues in a morphologically distorted growth front, typically through the formation of dendrites (Figure S.8) enabled by dissolved Ca 2+ ions from the adjacent solution.
S.4 Mechanisms of accelerated C-S-H nucleation in C 3 S via CaCl 2
CaCl 2 is a known reaction accelerator at the micro-to macroscales 10, 11 , but the mechanism by which this species enables a faster hydration rate has not been proven conclusively 10 . Based on x-ray microscopy studies of C 3 S suspensions in CaCl 2 solution, Juenger et al. proposed that C-S-H was the reaction product formed in the early stages of hydration around the C 3 S particle, and was more porous than that formed in conditions lacking CaCl 2 ; they posited that increased porosity enabled faster diffusion of water and calcium and silicate ions and, thus, higher growth rates of C-S-H 10 . On the other hand, Thomas et al., based on modeling of experimental data from calorimetric experiments, proposed that CaCl 2 would influence the nucleation of C-S-H but would not affect the growth rate of C-S-H 12 .
S.5 Cement paste preparation
Cement pastes were prepared at room temperature according to the following protocol. Five g of monoclinic tricalcium silicate (C 3 S) were added to a glass vial with 2.5 g of aqueous media (water/solid ratio of 0.5) and mixed the contents using a stirrer for 5 mins. Approximately 0.5 g of the wet paste was transferred onto a glass slide using a spatula. Samples in which evaporation of aqueous media was not controlled were allowed to hydrate while exposed to ambient atmosphere. Other samples were sealed in a petri dish partially filled with deionized water so as to create an atmosphere of high relative humidity. Inside the Petri dishes, glass slides were secured on an elevated platform so as to avoid direct contact with a surrounding pool of water. This design does not fully prevent evaporation of aqueous media. Therefore, we further characterized areas of cement paste least susceptible to evaporation, i.e. the surface of the cement paste in contact with the glass slide. We label this surface as the "bulk" of the cement paste in the main text. After preparation, samples were exposed to the normal atmosphere only during the Raman spectroscopy experiments and were discarded afterwards.
S.6 Carbonation reactions during calcium trisilicate hydration
In absence of carbon dioxide, calcium trisilicate hydration is based on the reaction 11 :
In presence of atmospheric carbon dioxide, this is dissolved in water to form carbonic acid 13 :
Dissociation of carbonic acid leads to the formation of bicarbonate and carbonate ions: H 2 CO 3 = H + + HCO S.7 Effects of hydration time scales on "surface" carbonation
As the time-scale of carbonation (and its effects on hydration) depends strongly on the length scale, it is important to reconcile surface phenomena with the expected and observed later stages of bulk hydration. At later stages of hydration (⇠1 day to 1 week), the presence of carbonates in cement pastes was seen as less pronounced. Figure S.9 shows Raman spectra for pastes maintained at high relative humidity atmospheres, minimizing evaporation of aqueous media while not changing exposure to CO 2 in the air. These spectra exhibited carbonate peaks at 2-4 days hydration that were reduced relative to those in Figs. 3 and 4a-b; significant levels of carbonation were observed only after 14 days. Under these conditions, the aqueous medium is consumed in the formation of Ca(OH) 2 and C-S-H, such that carbonation then takes place through reaction of these products directly with CO 2 in the atmosphere. For a given surface area of such porous reacting materials, moist pastes (hydrated one day or less) would then form calcium carbonates at the surface faster than pastes hydrated for a few days or more. This rate difference is attributable to the relative competition between water evaporation (resulting in carbonation for short hydration times) and carbonation (directly via the gaseous atmospheric CO 2 at long hydration times), as depicted in Fig.  4d .
Figure S.9
Preservation of the water-to-solid ratio of 0.5 over longer periods of times (2 to 4 days) prevents the formation of calcium carbonate (highlighted by the absence of the CaCO 3 Raman band), and favors the formation of the expected hydration products, Ca(OH) 2 and C-S-H (characterized by the bands at 255 and 360 cm 1 for the former, and by the broad shoulder at 674 cm 1 for the latter 14 ). The significant carbonate formation after 14 days coexists with the presence of the hydration products, Ca(OH) 2 and C-S-H, suggesting that the origin of CaCO 3 at later hydration stages, is not the result of evaporation, but rather by reaction of the hydration products with CO 2 5 .
S.8 Raman spectroscopy
Micro-Raman spectra were acquired (JY Horiba LabRam HR800 spectrometer in backscattering configuration), with an excitation line provided by a HeNe laser (excitation wavelength: 632.8 nm) through a confocal microscope (Olympus BX41, 100X objective). A 600 spectral grating was used, providing a spectral resolution of ⇠1.2 cm 1 . Sample manipulation was carried out with a micromechanical stage to obtain high-lateral control over the position of the laser spot (diameter ⇠ 800 nm for the excitation wavelength used, 632 nm). For each point of interest, five Raman spectra were acquired (with acquisition of five seconds each) and averaged. Because of the absence of fluorescence or any background, the analysis did not require special background subtraction.
In a typical experiment, picoliter droplets were grown on cover slips over glass slides. These slides were then transferred within few minutes from the synthesis under the optical microscope in the Raman spectrometer. Several droplets were selected and their location tracked (with accuracy of 100 nm), so the evolution of the same droplet could be at predetermined time steps. Raman spectroscopy measurements on hydrated pastes (prepared as described in Section S.5) were acquired on pastes transferred from the environmentally controlled environment to a glass slide. In light of the crucial role played by evaporation in the formation of carbonate species, both the surface of the cement paste (which is more susceptible to evaporation than its bulk) and the bulk itself were used for the measurement.
To minimize the contribution of evaporation induced by the excitation laser, a filter was used to reduce the power density to the sample to about 5 µW/µm 2 . To ensure these acquisition parameters would induce no evaporation, several acquisitions were carried out in the same location with known hydration conditions. No detectable difference among the spectra were observed. For the experiments where laser-induced heating and evaporation was sought to accelerate carbonation, no filter was used and the maximum power density to the sample was approximately 50 µW/µm 2 . Under these conditions, we observed a rapid formation of calcium carbonate, almost in real time (within the shortest time acquisition for individual spectra, 1 s).
Attribution of vibrational modes in the Raman spectra of pure and hydrated tricalcium silicate as well as calcium carbonates and calcium hydroxide were obtained from well-established literature [14] [15] [16] [17] [18] [19] .
